Nanofluidic systems show great promises for applications in energy conversion, where their performance can be enhanced by nanoscale liquid-solid slip. However, efficiency is also controlled by surface charge, which is known to reduce slip. Combining molecular dynamics simulations and analytical developments, we show the dramatic impact of surface charge distribution on the slipcharge coupling. Homogeneously charged graphene exhibits a very favorable slip-charge relation (rationalized with a new theoretical model correcting some weaknesses of the existing ones), leading to giant electrokinetic energy conversion. In contrast, slip is strongly affected on heterogeneously charged surfaces, due to the viscous drag induced by counter-ions trapped on the surface. In that case slip should depend on the detailed physical chemistry of the interface controlling the ion binding equilibrium. Our numerical results and theoretical models provide new fundamental insight on the molecular mechanisms of liquid-solid slip, and practical guidelines for searching new functional interfaces with optimal energy conversion properties, e.g. for blue energy or waste heat harvesting.
Nanofluidic systems show great promises for applications in energy conversion, where their performance can be enhanced by nanoscale liquid-solid slip. However, efficiency is also controlled by surface charge, which is known to reduce slip. Combining molecular dynamics simulations and analytical developments, we show the dramatic impact of surface charge distribution on the slipcharge coupling. Homogeneously charged graphene exhibits a very favorable slip-charge relation (rationalized with a new theoretical model correcting some weaknesses of the existing ones), leading to giant electrokinetic energy conversion. In contrast, slip is strongly affected on heterogeneously charged surfaces, due to the viscous drag induced by counter-ions trapped on the surface. In that case slip should depend on the detailed physical chemistry of the interface controlling the ion binding equilibrium. Our numerical results and theoretical models provide new fundamental insight on the molecular mechanisms of liquid-solid slip, and practical guidelines for searching new functional interfaces with optimal energy conversion properties, e.g. for blue energy or waste heat harvesting.
Introduction-The development of sustainable alternative energies is one of the greatest challenges faced by our society, and nanofluidic systems could contribute significantly in that field [1] [2] [3] [4] [5] . For instance, membranes with nanoscale porosity could be used to harvest energy from the salinity difference between sea and river water [6] [7] [8] or from waste heat [9, 10] . Energy conversion in nanofluidic systems originates at liquid-solid interfaces, where the properties of the liquid differ from their bulk value [11, 12] . In particular, in aqueous electrolytes, the so-called electrokinetic (EK) effects -coupling different types of applied forcing and induced flux-are controlled by hydrodynamics and electrostatics in the electrical double layer (EDL), a nanometric charged layer of liquid in contact with charged walls [13] [14] [15] . Consequently, the EK response of an interface is largely controlled by the wall surface charge [16] . Yet, nanoscale liquid-solid slip [17, 18] can amplify EK effects [19] [20] [21] [22] [23] [24] [25] [26] [27] . Slip is quantified through the Navier boundary condition (BC), balancing the viscous shear stress at the wall, η ∂ z v| z=zw (with η the viscosity and ∂ z v| z=zw the shear rate at the wall), and a liquid-solid friction stress, λ v s (with v s the slip velocity and λ the fluid friction coefficient) [28, 29] . The Navier BC is usually rewritten as: v s = b ∂ z v| z=zw , defining the so-called slip length b = η/λ [17] .
In the presence of slip, the EK response is amplified by a factor 1 + b/L, where L is the thickness of the interfacial layer (e.g., the Debye length λ D for the EDL) [12, 22, 30, 31] . For optimal performance, it is therefore critical to use surfaces with both a large surface charge and a large slip length. With that regard, it has been shown that the slip length decreases when surface charge increases [32] [33] [34] [35] , which impacts the EK energy conversion efficiency [36] . The slip-charge coupling has been investigated both theoretically and experimentally over the recent years [37] [38] [39] [40] [41] [42] [43] ; in particular, a theoretical description has been proposed [32] for model surfaces with a homogeneous charge, which can e.g. arise from the polarization of a conductive surface. However, for most surfaces, charge arises from the dissociation of surface groups or specific adsorption of charged species, resulting in a spatially heterogeneous charge. Both experiments and simulations have shown that lateral heterogeneity of surface charge can have a strong impact on the interfacial water structure [44, 45] , and in general, it is not clear that the existing theoretical description of slipcharge coupling [32] is suitable to describe heterogeneous surfaces.
In that context, we used molecular dynamics (MD) simulations to investigate the impact of surface charge distribution on liquid-solid slip, with the goal to understand and optimize the slip-charge dependency. To that aim we considered a model interface between aqueous sodium chloride and charged graphene. We observed a dramatic impact of the surface charge distribution, which we rationalized through analytical modeling. We then explored the consequences of charge distribution on slipenhanced EK energy conversion, and predicted a giant performance of polarized graphene.
Systems and methods-We conducted MD simulations with the LAMMPS package [46] to investigate the change of slip length as function of both the surface charge density and its distribution. Here we present the main features of the simulation setup; technical details can be found in the supplemental material (SM) [47] . We considered an aqueous NaCl solution confined between two parallel graphene sheets. Previous MD work [32, 33, 48] has shown that the slip-charge coupling was not significantly affected by the salt concentration, and here we used a constant concentration ρ s ∼ 1.3 M in all configurations, unless specified. The corresponding Debye length λ D was ca. 0.26 nm. The distance between the graphene sheets was ∼ 10 times larger than λ D , so that the EDLs of both walls were well separated. We used periodic boundary conditions in the x and y directions parallel to the sheets, with a lateral box size of ca. 3.5 nm. We simulated both homogeneous and heterogeneous charged graphene walls, with surface charge density Σ from -0.06 to 0 C/m 2 (see Fig. 1 ); we also considered surfaces with a positive charge, but did not obtain significantly different results. On homogeneous charged ("polarized") walls with a surface area of A, each atom on a wall was charged by q/N , where q = Σ × A is the total charge and N is the total number of carbon atoms on the wall. On heterogeneous charged walls with the same area and charge density, n = q/e random selected carbon atoms were charged by an elementary charge e.
We used the TIP4P/2005 force field [49] for water. Ions were simulated using the scaled-ionic-charge model by Kann and Skinner [50] . For consistency, the charge of wall atoms were rescaled with the same factor as for the ions [51] . Water and carbon interacted through a recently proposed force field calibrated from high-level quantum calculations of water adsorption on graphene [52] . The systems were maintained at T = 298 K and p = 1 atm. A Couette flow was generated and the same method discussed in Ref. 53 was employed to compute the slip length [47] .
Results and discussion- Figure 2 (a) shows the evolution of b as a function of the surface charge density |Σ|, for homogeneously and heterogeneously charged graphene walls. For comparison, results from Ref. 33 obtained with a generic hydrophobic surface are also shown. Consistently with previous MD results on graphitic surfaces [54, 55] , the slip length on uncharged graphene is very large, ca. 45 nm. Upon charging the surface, the slip length decreases, but the effect of surface charge density on slip is dramatically different between the homogeneous and the heterogeneous walls. On polarized graphene, as |Σ| increases from 0 to 0.06 C/m 2 , b gradually decreases from 45 to 30 nm. On heterogeneously charged graphene, b decays much faster, down by more than a factor of 2 for only 0.015 C/m 2 . Finally, comparing the two homogeneous walls, graphene comes out as a more interesting surface than the hydrophobic surface considered in Ref. 33 , combining both a larger slip length on the uncharged wall, and a weaker charge dependency.
In order to rationalize the MD results, and identify criteria for optimal slip-charge dependency, we developed two models to describe the homogeneous and heterogeneous cases. For a homogeneous surface charge, we reconsidered a calculation presented in Ref. 32 , as detailed in the SM [47] . This calculation is based on a Green-Kubo expression for the liquid-solid friction coefficient λ (related to the slip length through the viscosity: b = η/λ). The Green-Kubo formula relates λ to the fluctuations of the friction force at equilibrium. By separating the elec-trostatic and the non-electrostatic contributions to the friction force, one can show that:
where b 0 is the slip length on the neutral surface, α a numerical prefactor, σ ℓ the effective hydrodynamic diameter of liquid particles, σ s the wall interatomic distance, and ℓ i B = e 2 /(4πε i d k B T ) the Bjerrum length of the interface (with ε i d the dielectric permittivity of the interface). As discussed in Ref. 33 , because friction arises mainly from interactions between the first liquid adsorption layer and the solid surface, the dielectric permittivity and corresponding Bjerrum length ℓ i B in Eq. (1) should be those of the vacuum gap separating these two layers: ℓ i B = ℓ 0 B ≈ 55.8 nm at room temperature. To fit the MD results for homogeneous charge with Eq. (1), σ ℓ was obtained from the Stokes-Einstein relation between TIP4P/2005 water self-diffusion and viscosity, characterized in Ref. [56] : σ ℓ = k B T /(3πηD) = 0.214 nm; σ s was set to 0.142 nm for graphene, and 0.337 nm for the generic surface. The only free parameters were therefore b 0 and α. Equation (1) fits the MD results very well, using b 0 = 43.5 nm and α = 0.155 for graphene, and b 0 = 5.48 nm and α = 0.270 for the generic surface.
In particular, the model shows that the relevant characteristics of the wall controlling the slip-charge dependency are the uncharged slip length (the higher b 0 is, the faster b decreases with Σ) and the wall interatomic distance (the larger σ s is, the faster b decreases with Σ). For instance, graphene, having a larger uncharged slip length, should display a stronger slip-charge dependency than the LJ wall, but it benefits from a smaller interatomic distance that overcompensates the effect of the uncharged slip length. Therefore, the behavior of graphene, which combines a large uncharged slip length and a weak slip-charge dependency, can be traced back to the unusually small interatomic distance, and should for that reason be quite unique. Nevertheless, Eq. (1) can still be used as a guideline to search for other surfaces with potentially favorable properties.
With that regard, note that Eq. (1) differs in several aspects from a similar equation introduced previously, Eq. (12) in Ref. 32 . First, this new expression does not rely on the assumption that the electric friction is small as compared to the non-electric friction. Even in the low surface charge limit, the prefactor in front of Σ 2 scales differently with the uncharged slip length b 0 : b 1/2 0 here versus b 1 0 in the previous formula. Additionally, the present formula now clarifies how the slip length depends on the liquid and solid atomic sizes. To test Eq. (1) further and in particular the predicted impact of b 0 and σ s , we considered graphene-like surfaces where we varied in-dependently these two parameters. First, we varied the LJ interaction energy between carbon and water atoms without changing the wall structure, in order to change b 0 for a constant σ s . Second, we considered artificially strained graphene walls, in order to change σ s (here b 0 was also affected by the strain). Figure 2(b) compares the predictions of the model and the simulation results, which match quite well and validate the new model.
We now turn to the heterogeneously charged surfaces. In that case, counter-ions can strongly bind to the charged sites. In general, the fraction of bound counterions should depend on the details of the surface physical chemistry and ion distribution in the EDL. For the graphene surfaces considered in this work, all counterions were bound to a charged site, and remained trapped during the whole simulation (we checked that this remained true for a lower salt concentration of ∼ 0.13 M). In that case one can consider that the bound counter-ions belong to the solid surface. Consequently, we can estimate the slip length as that of a neutral liquid in contact with a neutral wall, build from the charged wall and the bound counter-ions. The latter protrude over the otherwise smooth surface and generate a Stokes drag, which can be described following a similar derivation used to predict the slip of a liquid over a surfactant layer [48] . As detailed in the SM [47] , for monovalent ions one can show that:
where b 0 is the slip length on the uncharged surface, and σ h the effective hydrodynamic diameter of the counterions, controlling their individual viscous drag. Equation (2) fits the numerical results very well, using b 0 = 43.5 nm as for the homogeneously charged graphene, and σ h = 0.329 nm. The fitted effective hydrodynamic diameter σ h of the counter-ions is quite reasonable, with a value close to the Van der Waals diameter of the ions. In general, not all counter-ions will bind to the wall. In that case, the slip length will not depend directly on the surface charge, and will be controlled by the ion binding equilibrium. Through this equilibrium, the slip length should therefore depend on many physical and chemical features of the interface, in contrast with the homogeneous charge case, where only a few well controlled parameters influence slip.
We now would like to explore the impact of the slipcharge relation on the energy conversion performance of nanofluidic systems. To that aim, we will focus on electro-mechanical energy conversion at charged surfaces, considering the two reciprocal EK effects of electroosmotic flows and streaming current [13, 14] . Experimentally, the amplitude of EK effects is quantified by the so-called zeta potential -denoted ζ, extracted from macroscopic measurements of the EK response using the Helmholtz-Smoluchowski (HS) equation [15, 16] , which relates the applied forcing and the resulting flux: for electro-osmosis, v eo = − ε d ζ η E x (with E x the applied electric field, v eo the resulting electro-osmotic velocity, ε d the dielectric permittivity of the liquid), and for streaming current, j e = − ε d ζ η (−∇p) (with −∇p the applied pressure gradient, and j e the resulting electrical current). According to this experimental definition, ζ is a macroscopic response coefficient, arising from the coupling of electrostatics and hydrodynamics in the EDL. As such, it has been shown theoretically and experimentally that the zeta potential can be amplified by liquid-solid slip [19, 20, 30, 31, 57, 58] , and writes [32] :
with V 0 the surface potential, and where λ eff D = −V 0 /∂ z V | z=z wall characterizes the thickness of the EDL and identifies with the Debye length λ D in the limit of low surface potential/charge. The second expression for ζ shows that liquid-solid slip simply adds a contribution ζ slip = Σb/ε d to the surface potential, which only depends on the surface charge Σ, the slip length b, and the dielectric permittivity of the liquid ε d .
For polarized graphene, using Eq. (1) to express b, |ζ slip | is predicted to go through a maximum for |Σ| ∼ 0.06 C/m 2 , at a value around 2000 mV, see Fig. 3 and the SM [47] . This value exceeds by far usual expected values for the zeta potential, which typically saturates around 4k B T /e ∼ 100 mV. To confirm the prediction of the model, we performed explicit streaming current simulations [47] : we applied a pressure gradient to the liquid, measured the resulting electrical current, and computed the zeta potential using the HS equation. The computed zeta potential indeed matches the theoretical prediction, see Fig. 3 . Consequently, polarized graphene appears as an ideal system to evidence experimentally the zeta potential amplification by liquid-solid slip.
For heterogeneously charged graphene, all counterions being trapped at the wall, there is no net charge in the liquid, so that the zeta potential must vanish. We performed direct streaming current simulations for Σ = −0.03 C/m 2 to confirm that prediction and indeed measured a vanishing value within error bars, ζ = −3.9 ± 6.8 mV. Of course this result is specific the the model graphene-like surface considered here. In general, only a fraction of the counter-ions are trapped [59] , and the zeta potential does not vanish. In that case the zeta potential will depend on the ion binding equilibrium, both directly through the resulting effective surface charge and indirectly through the impact of ion binding on slip.
Conclusion-Using molecular dynamics simulations and analytical developments, we investigated the impact of surface charge distribution on liquid-solid slip. We focused on model interfaces between aqueous NaCl and graphene. We found a large contrast between surfaces with a homogeneous charge, representative of polarized conductive surfaces, and surfaces with a heterogeneous charge, typically arising from the dissociation of surface groups. On polarized graphene, the slip length is very large and weakly affected by surface charge. Our model rationalizes this exceptional performance and traces it back to the unusually small interatomic distance of graphene. On heterogeneously charged graphene, counter-ions bind to the charged sites and induce a viscous drag, which strongly decreases the slip length. Through this mechanism, slip should be affected by the specific details of the ion binding equilibrium, and not be directly controlled by the surface charge.
We also predict a giant EK energy conversion on polarized graphene, due to favorable slip-charge dependency. On heterogeneous surfaces, we predict that the EK response should be specific to the physical chemistry of the interface, both directly through the effective surface charge resulting from counter-ion binding, and indirectly through the impact of bound ions on slip. We hope the simulation results and the models developed to rationalize them will help in the search for functional interfaces with optimal EK response. In particular, our results provide a fundamental framework for a future extensive investigation of the complex coupling between ion binding, slip and EK response on a variety of realistic surfaces.
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